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URRENT interest in the molecular biology
of mammalian sex chromosomes originates, toa
large extent, from two sets of observations made over
twenty years ago. The first of these was the surprising
finding that, unhke in Drosophila, XO individuals
among mammals are female and XXY, male. This
observation gave rise to the dogma that the mammal-
1an Y chromosome carrics one or more powerful
male-determining genes. At about the same time, it
was shown that “sex chromatin™ or the “Barr body”
characteristic of female mammals had its origin in one
X chromosome retaining, during interphase, a level of
condensation characteristic of metaphase chromo-
somes. The single X chromosome carried by the male
does not show such condensation and hence no sex
chromatin is present in males. Lyon' then proposed
that it 1s possible to understand the unusual genetic
behaviour of mammalian X-linked genes on the basis
of certain assumptions based on the condensation of
one of the two X chromosomes in femaie mammadls.
This hypothesis predicted that in somatic cells of
female mammals only one of the two X chromosomes
1s genetically active whereas the other is inactive and
that this inactivation, which occurs during early
embryonic development, is random. It js this inactive
X chromosome which appears as sex chromatin 1n
interphase nuclei. Research during the past 20 years
has amply confirmed the predictions set out by Lyon.
A variety of cytological, genetic and biochemical
data have confirmed that in somatic cells of female
mammals only one X is transcriptionally active while
the other is inactive except for a few genes on a seg-
ment of the short arm® This inactivation of one of two
homologous chromosomes occurs inthe early embryo
and, once established, s inherited clonally. In other
wards, inactivation can affect, apparently with equal
probability, either of the two X chromosomes present
in XX cells, but after the event, the same X continues
to be inactive in all the descendants of that cell. In
Marsupial mammals, inactivation is not random”’.
There 1s preferential inactivation of the paternal X
chromosome, reminescent of the ipactivation of pat-
ernal chromosomes in certain coccids and elimtnation
of paternal chromosomes in coccids as well as certain
other insects'. The mechanism by which chromo-
somes in these organisms “remember™ their parental
origin, in contradiction of the rules of Mendclism, is
not understood.

¥Fven among Eutherian marimals, random inacti-
vation is characteristic only of the cells of the embryo
proper. In several extra-embryonic tissues the pater-
nal X chromosome is preferentially inactive’. The
significance on non-random inactivation in extra-
embryonic tissues is not clear other than that it couid
possibly confer greater compatibility between mother
and foetus.

in female germ cells both X chromosomes are
active and evidence suggests that hitherto inactive X
chromosomes are reactivated in the oocytes’.

One important genetical consequence of X inactiva-
tion is that it leads to dosage compensation. In this
respect, the X chromosome of mammals resembles the
X chromosome of Drosophila’. The two systems
differ, however, in the mechanism by which dosage
compensation is achieved. In D. melanogaster dosage
compensation is brought about by transcribing the
single X chromosome of the male at a rate twice that
of either of the two X chromosomes in the female,
According to a recent hypothesis, sex determination
and dosage compensationin D. melanogaster are con-
trolled by the same gene product™. Increasing
amounts of this product lead to increasing femaleness;
if this product also act as a repressor specific to X-
inked genes, then it would result in a corresponding
decrease in the rate of transcription of those genes. In
D. melanogaster it thus appears that sex determina-
tion and dosage compensation are linked functions. I's
it possible that a relationship exists between sex deter-
mination and dosage compensation in mammals?
Lyon' has suggested that this may indeed be so
because the gene Tfim” is carried on the X chromo-
some of mammals, XY embryos carrying a mutant
form of this gene develop as phenotypic females in
spite of cacrying a normal Y chromosome. This gene s
considered to be a major determinant of the male
somatic (or non-gondal} phenotype: Lyon has rea-
soned that becavse differentiation of the male somatic
phenotype depends on the preduct of the Tfm gene as
well as on tesiosterone, it would be advantageious to
the organism to polarize the two sexes with respect to
the amount of Tym" product sythensized. S uch polari-
zation would appear to be especinlly desirable because
females also produce small amounts of testosterone,
I.yon has therefore suggested that dosage compensa-
tion, by equalizing the number of active copies of the
Tfm gene inthe twosexes, may have aided the evolu-
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ttonary polarization of the two sexes with respect to
the level of Tfm" product. Recent observations sug-
gest that the primary consequence of mutations in the
I/m gene in mousce as well as man isandrogen insensi-
tivity. A receptor protein capable of binding the
androgen dihydrotestosterone appears to be affected
in these mutants. At least three quantitative types of
heritable defects of this androgen receptor system
have been discovered among humans showing andro-
gen insensitivity. However, in normal males and
females, the levels of this protein are not very dissimi-
lar, suggesting that X-inactivation 1S not polarizing
the two sexes with respect to the amount of 7f/m’ gene
product in the two sexes. Evidence of such polariza-
tion may therefore have to be sought among the pro-
ducts of other sex-determining genes on the X
chromosome.

SEX DETERMINATION

The central problem in mammalian sexual differen-
tiation is the mechanism by which testis deterrnination
occurs. The mammalian embryo has a passive inclina-
tion towards the female phenotype. The testes sup-
press this passive inclination and induce the male
phenotype. The 1ndifferent gonads of the embryo
develop into testes whenever the cells of the embryo,
in particular the cells of the gonadal stroma, containa
Y chromosome. The mechanism by which the Y
chromosome bnings about testis differentiation is
therefore a problem of considerable current interest
and much of the remainder of this review will be
devoted to a discussion of hypotheses about possible
mechanisms.

Advances in the methods of somatic cell hybnidiza-
tion and genetic engineering have accelerated the rate
at which human chromosomes can be mapped. A
large number of assignments of genes to individual
chromosomes, to specific arms, and to regions within
an arm are now available’. The X chromosome has
more genes mapped on 1t than any other chromosome.
To some extent, this is because the X 15 present hemiz-
ygously in males. However, paradoxically, not even a
single Mendelian gene has been assigned definitively
to the Y chromosome although thischromosome, like
the X, is present hemizygously. At various times quan-
titative characters such as tooth size, height and tota]l
ridge count on fingers have been ascribed to genes on
the human Y chromosome. The association of these
chracters with 'Y chromosomes (or additional Y
chromosomes) is possibly attributable to the effects of
additional amounts of the constitutive heterochro-
matin that the Y contributes rather than to specific
genes on the Y chromosome. Such condensed chro-
matin could affect, for example, cell-cycle properties

such as the duration of the S phase and thereby influ-
ence %uantiativc characters such as those mentioned
above'®. The point of interest is that although current
dogma requires the presence of Mendelian genes with
male-determining properties on the Y chromosome of
marmmals, these genes have so far eluded us.

Genes determining the H-Y antigen and the selo-
rogically detectable male (SDM) antigen were until
recently thought to be one and the same and that this
gene played a role in testis differentiation. Thisgeneis
believed to be located on the Y chromosome. Accord-
ing to a recent critical assessment of the evidence', the
two antigens are probably specified by different genes
and, it appecars, neither gene is responsible for male
differentiation. On the other hand, there exist several
data which seem to suggest that the Y chromosome is
not indispensable for male differentiation. The first of
these 1s the occurrence of XX individuals among
humans who are phenotypic males. In a few such
males there is the possibility of translocation of pre-
sumptive Y material on to an X chromosome, but in
the Jarge majority of cases no translocation is demon-
strable. A second example comes from the Scandina-
vian wood lemming, Myopus schisticolor, in which
fertile females with an XY chromosome constitution
have been found™. The Y chromosome in such anim-
als is presumed normal because it was inherited from
the normal fathers of the XY females. These and other
lines of evidence suggest that the time is ripe for a
reassessment of ideas on the role of the Y chromosome
in mammalian sex determination. [ wish tosuggest, as
a first step towards such reassessment, that the Y
chromosome does not code for a product essential for
the development of the male gonadal phenotype. A
model for testis determination can be envisaged by
postulating that a testis~-d¢termining gene (7dx) is
lecated on the X chromosome. The Y chromosome.
according to this view, determines maleness not by
synthesizing a product essential for the male gonadal
phenotype but by preventing a repressor of autosomal
origin from binding to the Tdx gene. When the Y
chromosome 1s absent, the repressor binds to the Tdx
gene and transcription of the Tdx™ productis thereby
blocked, resulting in the development of the female
phenotype. In other words, there is compeution
between a timited quantity of repressor synthesized by
an autosome and RNA polymerase for binding to the
Tdx gene as well as a set of postulated high-affinity
sites on the Y chromosome. Because the repressor has
higher affinity than polymerase for the Y chromo-
some, it preferntially binds to the Y chromosome in
XY embryos and allows RNA polymerase to initiate
transcription of the Tdx gene producl. In embryos
without a Y chromosome, such asthose withan XX or
X0 constitution, there 1s no competition from the
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Y-hnked high-atfinity sites and the repressor therefore
binds to the single copy of the Tdx gene on the active
X chromosome since one X is inactive in XX cells. The
Y chromosome merely provides binding stites for the
repressor and does not support synthesis of a product
or products necessary for determining the male
gonad.

Ficher'® has interpreted data on hybrids between
Mus. musculus and M. poschiavinus as evidence for
the presence of a male-determining gene, Tdy, on the
Y chromosome. [t is possible, however, to understand
the transformation of XY hybrids with a M. poschia-
vinus Y chromosome into phenotypic females on the
basis of the above model if we assume that the
M. musculus repressor does not have sufficient affin-
ity for the high-affinity sttes of the M. poschiavinus Y
chromosome. As a result, it interferes with the binding
of polymerase to the 7dx gene and brings about a
reduction in the amount of 7dx product synthesized.
A detailed account of this hypothesis, including inter-
pretation, within this framework, of anomalous con-
ditions of sexual differentiation in man and other
mammals, will be published se;:»arately”.

EVOLUTION OF X AND Y CHROMOSOMES

Do the X and Y chromosomes of mammals share
some genetic homology and, therefore, a common
evolutionary origin? It has been known for some time
that in the male, the X and Y chromosomes pair and
form a chiasma, which is usually considered as evi-
dence of genetic recombination. More recently, elec-
tron microscopic evidence has demonstrated a distinct
pairing segment between the two chromosomes and a
synaptonemal complexw. Since synaptonemal com-
plexes are associated with recombination, it 1is
assumed that recombination must occur between seg-
ments of the short arms of the X and Y chromosomcs.
Based on these and other observations Burgoyne has
recently developed an interesting model on genetic
homology and recombination between and the X and
Y chromosomes. He has postulated that there is an
obligatory cross-over between the short arms of the X
and Y chromosomes and that the genes distal to the
point of crossover will behave as autosomal genes.
These genes, referred to as “pseudoautosomal genes”,
escape inactivation and include, among them, genes
which are necessary in two doses for normai develop-
ment to occur. According to this hypothesis, a prim-
ary reason for the developmental anomalies in XO
Turner women is the presence of only one set of these
pseudeautosomal genes. The model also provides a

possible explanation for several other curious obser-
vations, in particular, the inheritance of Sxrand Xg
phenotypes. The model implies that the X and Y
chromosomes may have evolved from a single pair of
homologous chromosomes which differentiated sub-
sequently into morphologically and functionally dis-
tinct elements.
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